
Emma J.McGhie, Richard D.Hayward and
Vassilis Koronakis1

Department of Pathology, University of Cambridge,
Tennis Court Road, Cambridge CB2 1QP, UK

1Corresponding author
e-mail: vk103@mole.bio.cam.ac.uk

E.J.McGhie and R.D.Hayward contributed equally to this work

Pathogen-induced remodelling of the host cell actin
cytoskeleton drives internalization of invasive Salmon-
ella by non-phagocytic intestinal epithelial cells. Two
Salmonella actin-binding proteins are involved in
internalization: SipC is essential for the process, while
SipA enhances its ef®ciency. Using puri®ed SipC and
SipA proteins in in vitro assays of actin dynamics and
F-actin bundling, we demonstrate that SipA stimulates
substantially SipC-mediated nucleation of actin
polymerization. SipA additionally enhances SipC-
mediated F-actin bundling, and SipC±SipA collabor-
ation generates stable networks of F-actin bundles.
The data show that bacterial SipC and SipA cooperate
to direct ef®cient modulation of actin dynamics, inde-
pendently of host cell proteins. The ability of SipA
to enhance SipC-induced reorganization of the actin
cytoskeleton in vivo was con®rmed using semi-
permeabilized cultured mammalian cells.
Keywords: actin nucleation/bacterial invasion/
Salmonella/Sips

Introduction

Invasion of intestinal epithelial cells is an essential early
event in Salmonella pathogenesis, and is induced by the
delivery of an array of bacterial virulence effector
proteins, including the four Salmonella invasion proteins
(Sips A±D). These Sips are exported across the bacterial
envelope and are translocated into the mammalian cell
plasma membrane or cytosol, from where they subvert
host cell signal transduction pathways and stimulate
cytoskeletal rearrangements at the point of bacterial
contact. This drives internalization of the pathogen into a
membrane-bound vacuole (Finlay and Cossart, 1997;
GalaÂn, 1999).

Actin polymerization is essential for Salmonella cell
entry. Actin nucleation foci are induced beneath invading
bacteria and initiate the generation of sub-membranous
actin ®laments (F-actin), which in turn condense to form
intracellular networks and cables. Cellular actin-binding
proteins (ABPs), microtubules and cell surface markers
are recruited as bacterial entry progresses (Finlay et al.,

1991; Garcia-Del Portillo et al., 1994). The pivotal
modulation of the mammalian cell cytoskeleton at the
initiation of this process is directed by two Salmonella
invasion proteins, SipC and SipA (Hayward and
Koronakis, 1999; Zhou et al., 1999a). SipC is essential
for pathogen internalization (Kaniga et al., 1995). SipA is
not essential for uptake, but it enhances the ef®ciency of
the entry process (Zhou et al., 1999a).

Although SipC and SipA share no primary sequence
similarity to each other or to known eukaryotic ABPs,
each binds directly to actin and independently in¯uences
®lament dynamics. In vitro characterization of the puri®ed
SipC protein has revealed that distinct C- and N-terminal
domains accelerate (nucleate) actin polymerization and
bundle (cross-link) F-actin, respectively. This is achieved
directly, i.e. independently of host cell components
(Hayward and Koronakis, 1999). These activities seem
likely to be directed from the host cell plasma membrane,
since SipC associates with liposomes in vitro and inserts
into the plasma membrane of cultured mammalian cells
during Salmonella infection (Hayward and Koronakis,
1999; Scherer et al., 2000). SipA enhances the F-actin
bundling activity of the host ABP ®mbrin (T-plastin),
which is recruited to Salmonella-induced membrane
ruf¯es (Zhou et al., 1999b), and a C-terminal 226-amino-
acid SipA fragment (SipA226) binds to F-actin in vitro,
decreasing the critical actin concentration required for
polymerization and inhibiting F-actin depolymerization
(Zhou et al., 1999a).

There has nevertheless been no assessment of possible
collaboration between the SipC and SipA ABPs in
modulating actin dynamics. A role for such interplay
might be suggested by the relatively weak actin-nucleating
activity of SipC. The SipC C-terminal domain (SipC-C,
amino acids 200±409) nucleates actin polymerization at a
1:10 protein:actin ratio (i.e. for 5 mM actin: 500 nM >
minimum [SipC-C] > 50 nM; Hayward and Koronakis,
1999). This is similar to the activity of the puri®ed
eukaryotic Arp2/3 complex (for 5 mM actin: 150 nM >
minimum [Arp2/3] > 37 nM), which is considered to be a
relatively weak nucleator in vitro (Mullins et al., 1998). It
is striking that Arp2/3 activity is stimulated by members of
the WASP and Scar protein families (Machesky and Insall,
1998; Machesky et al., 1999), and also by the Listeria
ActA surface protein, which is required for actin-based
intracellular motility (Welch et al., 1998). To investigate
whether the Salmonella ABPs SipA and SipC do co-
operate, perhaps in stimulating the actin-nucleating activ-
ity of SipC, full-length Salmonella typhimurium SipC and
SipA proteins were separately overexpressed in laboratory
Escherichia coli and af®nity puri®ed. Their effects on
actin dynamics were initially examined using standard
in vitro assays.
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Results

SipA stimulates actin nucleation by SipC
In vitro F-actin binding activity of the full-length 685-
residue SipA protein was initially con®rmed by routine co-
sedimentation assays (100 000 g). Following incubation
with F-actin, SipA partitioned predominantly to the pellet
fraction with F-actin as expected, whereas SipA alone
remained soluble (Figure 1A). Co-sedimentation using a
range of SipA concentrations with a ®xed concentration of
F-actin showed that binding of SipA to F-actin was
saturable at a 1:1 molar ratio (Figure 1B). The effect of
SipA on actin depolymerization kinetics was monitored
using pyrene±actin, a ¯uorescent actin derivative that has a
higher ¯uorescence intensity in the F-actin form than as
monomeric G-actin (i.e. when the pyrene labels are in
close proximity rather than spatially separated, respect-
ively). SipA inhibited the rate of F-actin depolymerization;
the percentage of pyrene-labelled F-actin was constant
over 60 min, in comparison with the control F-actin alone
where only 30% remained (Figure 1C). F-actin stabiliza-
tion by SipA was greater than that induced by the fungal
toxin phalloidin, known to stabilize actin ®laments
(Cooper, 1987). SipA also reduced the critical concentra-
tion of G-actin required for ®lament assembly in vitro by
one order of magnitude (data not shown). Puri®ed full-
length SipA therefore bound F-actin and modulated actin
dynamics in vitro to a degree similar to the previously
characterized SipA fragment (Zhou et al., 1999a). Full-
length SipA was therefore used for all subsequent in vitro
assays.

Since SipC and SipA both interact directly with actin
and can modulate actin dynamics independently, either by
accelerating ®lament assembly or inhibiting disassembly,
respectively, we initially investigated the in¯uence of
SipA on the nucleation of actin polymerization directed by
the SipC C-terminal domain (SipC-C; Hayward and
Koronakis, 1999). Following the addition of initiation
buffer to puri®ed G-actin (2.5 mM), typical assembly
kinetics were observed in pyrene±actin polymerization
assays: an initial lag-phase re¯ecting the kinetic barrier to
`nucleation' (the formation of G-actin trimers or tetra-
mers), followed by a rapid, linear phase during which
®laments elongate by monomer addition, reaching steady
state after 30 min (Figure 2A, control). When either
puri®ed SipA alone (Figure 2A, +2.5 mM SipA), or
SipC-C at concentrations below the threshold required to
accelerate the kinetics of polymerization (Figure 2A,
compare +2.5 mM and +250 pM SipC-C; Hayward and
Koronakis, 1999) were included, similar kinetics were
observed, although consistent with its F-actin binding
activity, SipA induced limited quenching of the pyrene
¯uorescence signal. However, when in combination with
SipA (2.5 mM), picomolar concentrations of SipC-C were
suf®cient to stimulate spontaneous assembly of G-actin
(2.5 mM), as the lag phase of polymerization was elimin-
ated and a high rate of ®lament extension observed.
In contrast, when puri®ed SipD, SipC-N (amino acids
1±120; Hayward and Koronakis, 1999), SipB (Hayward
et al., 2000) or puri®ed full-length Shigella IpaA
(Tran Van Nhieu and Sansonetti, 1999), a putative SipA
homologue (expressed and puri®ed in an identical manner
to SipA), were similarly added in combination with

SipC-C, no comparable increase in the rate of actin
polymerization was observed (data not shown). Addition
of a range of SipA concentrations (0.1±2.5 mM) to ®xed
concentrations of SipC-C and actin (250 pM and 2.5 mM,
respectively) induced a dose-dependent acceleration of
actin polymerization (Figure 2B). Comparable data were
obtained from reciprocal analyses in which SipC-C
concentration was varied (250 pM±0.25 mM) with ®xed
SipA and actin concentrations (both 2.5 mM) (Figure 2C).
These data indicate that SipA and SipC-C collaborate to
nucleate actin polymerization ef®ciently.

SipA enhancement of SipC-mediated
F-actin bundling
We further investigated whether SipA in¯uenced the
second SipC activity, i.e. actin bundling (Hayward and
Koronakis, 1999). Surprisingly, although neither F-actin

Fig. 1. Actin binding by full-length SipA. (A) Co-sedimentation
assays (100 000 g, 25 min) of F-actin (2 mM) incubated with varied
concentrations of SipA (indicated by molar ratios of SipA:F-actin).
Pellets (P) and supernatants (S) analysed by Coomassie Blue-stained
SDS±PAGE. (B) Pelleted and total amount of SipA present in each of
the SipA±F-actin co-sedimentation assays shown in (A), quanti®ed by
densitometry. (C) Depolymerization assay of F-actin alone or in the
presence of phalloidin or full-length SipA (each component at 0.1 mM).
The percentage of F-actin remaining is plotted over incubation time.
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nor SipA alone sedimented at low speed (12 000 g), a
SipA±F-actin complex sedimented from mixtures of SipA
and F-actin (Figure 3A). This suggested that full-length
SipA might itself cross-link (bundle) F-actin, since co-
sedimentation of an ABP with F-actin at low g force is
characteristic of actin bundling activity (Goode et al.,
1999; Hayward and Koronakis, 1999). This was shown not
to be the case by electron microscopy and light scattering,
which is positively correlated with actin ®lament length

and is further enhanced by condensation to ®lament
bundles (Goode et al., 1999). A mixture of SipA and
F-actin showed no increase in light scattering in compari-
son with either control F-actin or puri®ed SipA alone
(Figure 3B, compare F-actin alone with F-actin + SipA), in
contrast to the increase observed when puri®ed SipC,
shown previously to bundle F-actin (Hayward and
Koronakis, 1999), was added as a control (Figure 3B,
compare F-actin alone with F-actin + SipC). Transmission
electron microscopy of mixtures of SipA and F-actin
con®rmed that the F-actin remained unpaired. This did,
however, show that the SipA-coated ®laments were
signi®cantly thickened (17 6 1 nm; Figure 3C, right
panel) in comparison with control F-actin alone
(6.5 6 0.5 nm; Figure 3C, left panel). Full-length SipA
alone in F-buffer formed monodispersed globular struc-
tures 5 6 0.5 nm in diameter (Figure 3C, centre panel).
These SipA±F-actin structures were clearly distinct from
the actin bundles induced by mixing puri®ed SipC with
F-actin (Figure 4B; Hayward and Koronakis, 1999). The
low-speed sedimentation of the SipA±F-actin complex is
therefore due to an increase in ®lament diameter due to
SipA binding, and not indicative of SipA-induced ®lament
bundling. Nevertheless, the formation of SipA±F-actin
complexes precluded the use of quantitative co-sediment-
ation assays to study cooperation of SipA and SipC. Light
scattering and electron microscopy were therefore used in
subsequent experiments.

When equimolar mixtures of SipA and SipC were added
to F-actin, there was a marked increase in light scattering
in comparison with an equimolar mixture of SipC and
F-actin (Figure 3B, compare F-actin + SipA + SipC with
F-actin + SipC; all 2.5 mM). A constant light scattering
trace was obtained for control SipA and SipC mixtures and
for each protein independently in F-buffer (Figures 3B,
SipA + SipC; and 5A and B, SipA and SipC, respectively),
con®rming that the puri®ed recombinant proteins were
soluble alone and in combination. Transmission electron
microscopy revealed that combinations of SipA and SipC
induced the formation of a cross-linked network of F-actin
bundles, distinct from the parallel F-actin bundles induced
by the SipC protein alone (compare Figure 4B and C).
Only SipC ®laments as shown by Hayward and Koronakis
(1999), and SipA globular structures (Figure 3C, centre
panel), were evident in mixtures of SipA and SipC
(Figure 4A). Adding a range of SipA concentrations
(0.25±2.5 mM) to ®xed concentrations of SipC and F-actin
(both 2.5 mM) induced concentration-dependent increases
in light scattering (Figure 5A), and comparable data were
obtained from reciprocal analyses in which the SipC
concentration was varied (0.25±2.5 mM) and SipA and
F-actin concentrations were ®xed (both 2.5 mM)
(Figure 5B). Transmission electron microscopy con®rmed
that these observed increases were due to the cross-linking
of F-actin bundles (Figure 5A and B, insets). As would be
expected, indistinguishable networks were formed when
SipC and SipA were added to G-actin during polymeriza-
tion (data not shown).

SipA enhances SipC-induced cytoskeletal
rearrangements in vivo
To investigate whether SipA can also enhance SipC-
induced cytoskeletal rearrangements in vivo, we used a

Fig. 2. Effect of SipA on SipC-mediated nucleation of actin polymer-
ization. (A) Pyrene±actin assay demonstrating effects of the SipC
C-terminal domain (SipC-C, 250 pM or 2.5 mM) alone and in the
presence of SipA (2.5 mM) on the kinetics of actin polymerization.
Each component was added to 2.5 mM actin following initiation of
polymerization. Fluorescence intensity (excitation 365 nm, emission
385 nm) is plotted against incubation time, with spike 1 indicating
addition of initiation buffer and spike 2 the addition of test proteins.
(B) Pyrene±actin assay demonstrating the actin nucleation activity of
a®xed concentration of SipC-C (250 pM) in the presence of 2.5 mM
actin and varied concentrations of SipA (0.1±2.5 mM), following
the initiation of polymerization. Fluorescence intensity is plotted
against incubation time as described in (A). (C) Pyrene±actin assay
demonstrating the actin nucleation activity of SipC-C using ®xed
concentrations of SipA and actin (both 2.5 mM) and varied concen-
trations of SipC-C (250 pM±250 nM), following the initiation of
polymerization. Fluorescence intensity is plotted against incubation
time as described in (A).
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permeabilized cell assay employed previously to study the
effects of Shigella secreted proteins on host cell cyto-
skeletal architecture (Tran Van Nhieu et al., 1999). This
enabled de®ned concentrations of SipA and SipC, alone or
in combination, to be introduced into the cytoplasm of
cultured cells. Semi-permeabilization was selected in
preference to microinjection or co-transfection since it is
less invasive and protein concentrations can be more
accurately quanti®ed. After permeabilization, semi-con-
¯uent Swiss 3T3 cells were stained with Texas Red-
conjugated phalloidin to visualize F-actin directly. They
exhibited no signi®cant cytoskeletal rearrangements
(Figure 6, control); ®lopodial and lamellipodial structures
were rarely observed (<5% total cells), and were restricted
to interfaces of cell±cell contact or where cells were sub-
con¯uent (data not shown). Incubation with 500 nM
puri®ed SipA induced no cytoskeletal rearrangements
(Figure 6). However, when cells were treated with 500 nM
SipC, many cells (>85% total) showed zones of submem-
branous actin condensation, and lamellipodia- and ®lopo-
dia-like structures formed at the cell periphery (Figure 6).
These data are in agreement with our previous observa-
tions that microinjection of 3 mM puri®ed SipC or 300 nM
SipC-derived polypeptides induced actin condensation in
cultured HeLa cells (Hayward and Koronakis, 1999).

To assess the threshold SipC concentration required to
induce cytoskeletal rearrangements, permeabilized cells
were treated with lower concentrations. With 50 nM SipC,
only ~30% of cells exhibited zones of actin condensation
or ®lopodial protrusions (Figure 6), and when the
concentration was reduced further to 0.5 nM SipC,
cytoskeletal architecture appeared indistinguishable from
that of control cells (Figure 6, compare 0.5 nM SipC with

control). To determine whether SipA in¯uences the ability
of SipC to induce cytoskeletal rearrangements, cells were
incubated with 0.5 nM SipC in combination with 500 nM

Fig. 4. Networks of bundled actin ®laments generated by SipA and
SipC. Transmission electron micrographs of the end-point (1200 s)
corresponding to light scattering traces shown in Figure 3B. The
mixture of SipA, SipC and F-actin (1:1:1; each at 2.5 mM) (C),
compared with the mixture of SipC and F-actin (1:1; 2.5 mM) (B).
A mixture of SipA and SipC alone (1:1; 2.5 mM) is also shown (A).

Fig. 3. Effect of SipA on SipC-mediated F-actin bundling. (A) Bundling assays (12 000 g, 15 min) with F-actin alone, SipA alone and SipA + F-actin
mixtures (each at 2 mM). Pellets (P) and supernatants (S) were analysed by Coomassie Blue-stained SDS±PAGE. (B) Light scattering (U, intensity at
520 nm) over 1200 s of combinations of SipA, SipC and F-actin in a stoichiometric ratio of 1:1:1, SipC and F-actin, SipA and F-actin, SipA and SipC
and F-actin alone, each component at 2.5 mM in F-buffer. (C) Transmission electron micrographs showing F-actin alone (left panel), puri®ed full-
length SipA (centre panel) and F-actin incubated with equimolar full-length SipA (right panel), each component at 2.5 mM in F-buffer.
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SipA. Dramatic cytoskeletal rearrangements were evident
(~50% total cells), including extensive peripheral actin
condensation and ®lopodial extensions (Figure 6). Similar
effects were observed when 50 nM SipC and 500 nM
SipA were combined, and many cells (~30%) `rounded-
up', a phenotype consistent with gross morphological
change (Figure 6). To con®rm that these observed
cytoskeletal rearrangements were indeed caused by the
Sip proteins, staining with anti-SipA or anti-SipC poly-
clonal antisera and phalloidin was used to visualize
intracellular Sip proteins and F-actin simultaneously.
Double staining of SipC and F-actin in permeabilized
cells treated with 500 or 50 nM SipC alone revealed that
SipC localized exclusively to the cell periphery beneath
foci where lamellipodial or ®lopodial protrusions were
generated (Figure 7, upper panels). SipC and F-actin
staining were apparently coincident at many peripheral
sites, consistent with its in vitro actin-binding activity
(Hayward and Koronakis, 1999) and its observed mem-
brane af®nity in vivo (Scherer et al., 2000) and in vitro
(Hayward and Koronakis, 1999). When SipA and F-actin
were similarly double stained in permeabilized cells
treated with 500 nM SipA alone, SipA was seen coinci-
dent with F-actin throughout the cell body, but cyto-
skeletal architecture remained unchanged (Figure 7, lower
left). To con®rm that a combination of SipC and SipA
induced the dramatic cytoskeletal rearrangements ob-
served in Figure 6, permeabilized cells treated with 50 nM
SipC and 500 nM SipA were triple stained to visualize
SipC, SipA and F-actin simultaneously; 0.5 nM SipC was

below the threshold for reproducible detection by
immunostaining. Both SipC and SipA localized to the
®lopodial structures at the cell periphery (Figure 7, lower
right). These data indicate that SipA also potentiates the
ability of SipC to induce cytoskeletal rearrangements in
cultured mammalian cells.

Discussion

In eukaryotic cells, remodelling of the cellular actin
®lament network is determined by ABPs that direct the
nucleation of actin polymerization or the destabilization of
F-actin to promote rapid, spatial control of ®lament
assembly or disassembly, respectively. Most cellular
ABPs bundle, cross-link or stabilize F-actin to generate
higher order supramolecular structures that sustain
membrane deformations such as those required for
lamellipodial or ®lopodial protrusions (Ayscough, 1998).
Invasive bacterial pathogens achieve comparable
manipulations by subverting cytoskeletal function. Most
of their effectors act indirectly by stimulating or inhibiting
a host cell signalling pathway involved in peripheral actin
organization, or by modulating the activities of a host ABP
(Chen et al., 1996; Persson et al., 1997; Tran Van Nhieu
et al., 1997). It has recently emerged that, in contrast, the
pathogenic bacterium Salmonella encodes two invasion
proteins, SipC and SipA, which interact directly with
cellular actin and modulate its dynamics (Hayward and
Koronakis, 1999; Zhou et al., 1999a).

Fig. 5. Cooperation of SipA and SipC in F-actin bundling. (A) Light scattering (U, intensity at 520 nm) over 1200 s using a range of concentrations of
SipA (0.25±2.5 mM) incubated with a ®xed concentration of SipC and F-actin (each 2.5 mM). Control traces with SipA alone (SipA, 2.5 mM), SipC
and F-actin (both 2.5 mM), and SipA and F-actin (both 2.5 mM) are shown for comparison. Inset shows a transmission electron micrograph of F-actin
(2.5 mM), incubated with SipA (2.5 mM) and SipC (0.25 mM). (B) Light scattering as in (A) using a range of concentrations of SipC (0.25±2.5 mM)
incubated with a ®xed concentration of SipA and F-actin (each 2.5 mM). Control traces with SipC alone (2.5 mM) and SipC and F-actin (both 2.5 mM)
are also shown. Inset shows a transmission electron micrograph of F-actin (2.5 mM), incubated with SipA (0.25 mM) and SipC (0.25 mM).
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Our data show that Salmonella SipA substantially
potentiates the nucleation of actin polymerization and
F-actin bundling, which are mediated by SipC in vitro.
Comparable effects were observed in vivo, SipA enhanc-
ing the ability of SipC to induce cytoskeletal rearrange-
ments in semi-permeabilized cultured mammalian cells.
To our knowledge, this is the ®rst demonstration of
speci®c cooperation between bacterial effector proteins
that subvert target cell function. Such cooperation is also
consistent with the phenotype of Salmonella sipA mutants
that, although able to enter cultured mammalian cells,
induce diffuse rather than localized actin polymerization
and cytoskeletal rearrangements. This results in a
decreased invasion ef®ciency in comparison with wild-
type strains over short infection times (Zhou et al., 1999a).
While the semi-permeabilization assay provided con®rm-
ation of the detailed in vitro experiments, it should be
emphasized that during bacterial entry such dramatic
cytoskeletal rearrangements do not occur throughout the
entire cell. It is therefore likely that high local concentra-
tions of these effectors direct cytoskeletal rearrangements
at sites of bacterial contact.

Comparison of our ®ndings with those describing
eukaryotic ABPs suggests possible mechanisms by which

SipA could stimulate SipC-mediated actin nucleation.
SipA-induced reduction of the critical actin concentra-
tion could indirectly decrease the threshold SipC
concentration required to induce nucleation, while also
favouring rapid ®lament elongation. This could result
from an interaction between SipA and actin monomers
or dimers before nucleation (Mitra et al., 2000), or from
SipA binding and stabilization of SipC-nucleated actin
®laments. Alternatively, an actin-dependent or
-independent SipA±SipC interaction may stimulate the
formation of actin nuclei. In vitro studies have demon-
strated that Listeria ActA and cellular WASP/Scar
proteins bind and signi®cantly enhance the nucleating
activity of the Arp2/3 complex (reviewed by Svitkina
and Borisy, 1999). Since N-WASP activity is further
enhanced by binding of activated Cdc42 and phospha-
tidylinositol (4,5) bisphosphate (Rohatgi et al., 1999),
and Scar assembles an actin-associated multi-kinase
signalling scaffold (Westphal et al., 2000), WASP/Scar
proteins are proposed to provide a direct connection
between signal transduction pathways and the stimula-
tion of actin polymerization (Rohatgi et al., 1999;
Prehoda et al., 2000). It is tempting to speculate that a
direct interaction between membrane-integral SipC

Fig. 6. Cooperation of SipA and SipC induces actin rearrangements in permeabilized Swiss 3T3 cells. Semi-permeabilized cultured Swiss 3T3 cells
®xed following 5 min incubation in the presence of permeabilization buffer alone (control), puri®ed SipA, SipC or mixtures of both proteins at the
concentrations indicated. Cells were stained with Texas Red-conjugated phalloidin to visualize F-actin and viewed by ¯uorescence microscopy.
Arrows indicate representative actin condensation (c), ®lopodial (f) and lamellipodial (l) structures. For each typical frame, >200 cells were observed
from three independent experiments. Scale bar, 0.5 mm.
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and translocated SipA may determine localized ef®cient
nucleation of actin polymerization beneath the mem-
brane (Finlay et al., 1991). Nevertheless, since WASP/
Scar and ActA bind G- rather than F-actin (Machesky
and Insall, 1998; Miki and Takenawa, 1998; Zalevsky
et al., 2000), and SipA has no primary sequence
similarity to these proteins, any mechanistic similarities
are at present speculative.

How could SipA and SipC cooperate in the early stages
of bacterial internalization during infection? A possible
scenario would be that SipC, potentially in association
with co-secreted SipB, could insert into the target cell
plasma membrane (Hayward and Koronakis, 1999;
Scherer et al., 2000) from where SipA translocation
could stimulate SipC-mediated nucleation of actin poly-
merization and enhance the subsequent bundling of actin
®laments, which are stabilized beneath the invading
bacteria. This would allow rapid, localized, cell-independ-
ent reorganization of the cytoskeleton at this very early
stage in bacterial endocytosis. Other effector proteins,
such as the inositol phosphatase SopB and the Rac-1/
Cdc42-activating SopE (Hardt et al., 1998; Norris et al.,
1998), subvert host cell signal transduction pathways,
amplify cytoskeletal rearrangements and recruit host

ABPs to the sites of bacterial entry. Further in vitro and
in vivo analysis of effector protein interplay will be needed
to establish a comprehensive view of how Salmonella
spatially and temporally subverts host cell function during
the complex internalization process.

Materials and methods

Expression and puri®cation of recombinant SipA and
SipC proteins
Plasmid pHSipA containing the entire sipA was generated by PCR
ampli®cation from the S.typhimurium SJW1103 chromosome
(Yamaguchi et al., 1984). PCR products, engineered to contain NdeI
and BamHI sites at the start codon ATG and 3¢ of the stop codon,
respectively, were ligated into the corresponding sites of T7 expression
vector pET15b (Novagen), allowing an in-frame N-terminal fusion of
His6. The resulting recombinant plasmid, pHSipA, directed high level
expression of SipA in laboratory E.coli BL21 (DE3). Transformed E.coli
BL21 (DE3) cells (Studier and Moffat, 1986) were cultured in 2 l of
aerated tryptone yeast (TY) medium with additional 50 mg/ml ampicillin
at 37°C to A600 = 1.0 and induced with 0.1 mM isopropyl-b-D-thio-
galactopyranoside (IPTG) for 2 h. Cells were pelleted (10 000 g,
10 min), resuspended in 1/20 culture volume and lysed through a
French Press (82 800 kPa, Aminco). Full-length His-tagged SipA
inclusion bodies were pelleted, washed with 1 M NaCl, 2% (v/v)
Triton X-100 then distilled water, solubilized in binding buffer [6 M
guanidine hydrochloride (GuHCl), 20 mM Tris±HCl pH 8, 150 mM
NaCl, 5 mM imidazole], and bound to and eluted from nickel nitrilotri-
acetic acid±agarose (Qiagen) under denaturing conditions according to
the manufacturer's instructions. Eluted SipA was concentrated by
precipitation with 80% (v/v) ethanol before resuspension in 6 M
GuHCl, 20 mM 2-mercaptoethanol. SipA was refolded by rapid dilution
of the concentrated stock 1:100 with F-buffer [20 mM Tris±HCl pH 8,
100 mM KCl, 1 mM MgCl2, 0.1 mM ATP, 0.1 mM CaCl2, 0.5 mM
dithiothreitol (DTT), 0.01% (v/v) NaN3], dialysed against F-buffer
(5 3 1 l) and subsequently ®ltered through a 0.2 mm syringe ®lter before
use. SipC and SipC-C were puri®ed and concentrated to 600 mM as
described previously (Hayward and Koronakis, 1999). Puri®ed protein
concentration was determined with a Coomassie Blue-based staining
solution (Pierce).

Actin binding assays
F-actin was pre-assembled from puri®ed rabbit skeletal muscle actin
(2 mM) in G-buffer [5 mM Tris±HCl pH 8, 0.1 mM ATP, 0.2 mM CaCl2,
0.02% (v/v) NaN3] by the addition of 0.02 vols 503 initiation buffer
(100 mM MgCl2, 50 mM ATP, 2.5 M KCl) (Cytoskeleton Inc.) and
incubated for 30 min at 25°C. For co-sedimentation, mixtures of the full-
length SipA protein and F-actin in F-buffer were centrifuged (100 000 g,
25 min, 4°C) and the supernatants and pellets analysed by Coomassie
Blue-stained SDS±PAGE. To determine the stoichiometry of the
SipA±F-actin binding, a constant concentration of F-actin was incubated
with a range of SipA concentrations and the resulting pellets and
supernatants were analysed as above. Densitometric quantitation of
pelleted SipA was made from the Coomassie Blue-stained SDS±PAGE
gel. For the low-speed sedimentation assay, a 1:1 mixture (2 mM) of SipA
to F-actin was centrifuged (12 000 g, 15 min, 4°C) and pellets and
supernatants analysed as above.

Actin bundling assay (light scattering)
F-actin bundling was monitored by light scattering (25°C, excitation
520 nm, emission 520 nm, slit widths 2.5 nm) in an LS50B ¯uorescence
spectrophotometer (Perkin Elmer). SipA and/or SipC was added to
preassembled F-actin (2.5 mM) in different combinations in F-buffer and
monitored for 30 min at 25°C.

Actin polymerization assay
Pyrene-labelled G-actin and unlabelled G-actin were mixed 1:10 in fresh
G-buffer (2.5 mM), equilibrated on ice and centrifuged to remove F-actin.
Initiation buffer (503, 0.02 vols) was used to trigger actin polymeriza-
tion, and pyrene ¯uorescence was monitored by spectrophotometry
(excitation 365 nm, emission 385 nm, slit widths 5 nm) using FLWinLab
software (Perkin Elmer). Puri®ed SipA and/or SipC-C (or control buffers)
was added before or during polymerization. His tag alone has no effect on
the polymerization of actin (Welch et al., 1998).

Fig. 7. Localization of SipA and SipC in semi-permeabilized Swiss
3T3 cells. Semi-permeabilized cultured Swiss 3T3 cells ®xed following
5 min incubation with SipA and/or SipC at the concentrations
indicated. Upper panels: merged immuno¯uorescence images following
staining for SipC with anti-SipC IgG/AlexaFluor 488-conjugated anti-
rabbit IgG (green), and cellular F-actin with Texas Red-conjugated
phalloidin (red). Coincident staining appears yellow. Scale bars, 5 mm
(left) and 1 mm (right). Similar SipC staining was observed in cells
treated with 50 nM SipC and correlated with actin rearrangements.
Lower left panel: merged immuno¯uorescence image following
staining for SipA with anti-SipA IgG/AlexaFluor 488-conjugated anti-
rabbit IgG (green), and cellular F-actin with Texas Red-conjugated
phalloidin (red). Coincident staining appears yellow. Scale bar, 5 mm.
Lower right panel: merged image following staining for SipA with
anti-SipA IgG/AlexaFluor 488-conjugated anti-rabbit IgG (green), SipC
with anti-SipC IgG/Texas Red-conjugated anti-sheep IgG (red) and
cellular F-actin with AlexaFluor 350-conjugated phalloidin (blue).
Scale bar, 0.3 mm.
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Actin depolymerization assay
Pyrene-labelled F-actin was pre-assembled by polymerization of puri®ed
pyrene-labelled and unlabelled G-actin mixed 1:10 in fresh G-buffer
(24 mM) using 0.02 vols 503 initiation buffer (45 min, 25°C), diluted to
5 mM in F-buffer and equilibrated for 1 h at room temperature. F-actin
aliquots, vortexed reproducibly, were mixed with equal concentrations of
SipA or phalloidin. F-actin was diluted to 0.1 mM in F-buffer and the
mixture transferred to a ¯uorimeter cuvette. Fluorescence intensity
(excitation 365 nm, emission 385 nm, slit widths, 5 nm) was measured
over incubation time. To account for ¯uorescence quenching induced by
SipA or phalloidin binding, the percentage of F-actin remaining was
determined from the initial ¯uorescence of each mixture at t = 0.

Electron microscopy
Proteins were adsorbed on to freshly glow-discharged, carbon-coated
copper grids for 1±2 min and washed in water before negative staining
with 2% (w/v) uranyl acetate or 2% (w/v) phosphotungstic acid pH 7.0
(Harris, 1997). Grids were examined using a Philips CM100 transmission
electron microscope operated at 80 kV.

Cell permeabilization
SipC (600 mM) in 4 M GuHCl was diluted to 5 mM in 1 ml of 1 mM
MES pH 6, and dialysed extensively against 5 3 5 l of the same buffer.
This stock was diluted appropriately in 50 mM HEPES pH 7.3, 100 mM
KCl, 3 mM MgCl2, 0.1 mM DTT, 0.2% (w/v) bovine serum albumin
(BSA) (permeabilization buffer). SipA (250 mM) in 6 M GuHCl, 20 mM
2-mercaptoethanol was similarly refolded by dilution to 2.5 mM in, and
dialysed against, permeabilization buffer without BSA. Swiss 3T3 cells
were grown (37°C, 10% CO2) in Dulbecco's modi®ed Eagle's medium
(DMEM), supplemented with 10% (v/v) fetal calf serum, L-glutamine and
penicillin/streptomycin (Sigma). Cells were plated on to 13 mm diameter
glass coverslips (BDH). After 12 h, semi-con¯uent cells were washed
with warm phosphate-buffered saline (PBS) and incubated in serum-free
DMEM for a further 36±48 h. After washing with permeabilization
buffer, coverslips were inverted into 100 ml droplets of permeabilization
buffer with additional 1 mM ATP, 100 mM GTP, 100 mM UTP and
0.0002% (w/v) saponin. Following incubation (37°C, 5 min), perme-
abilized cells were washed three times with the same buffer lacking
saponin, and incubated in 100 ml of buffer (without saponin) containing
SipC and/or SipA as appropriate (37°C, 5 min). Cells were ®xed after
treatment in 3.7% formaldehyde [15 min, room temperature (RT)], and
processed for ¯uorescence microscopy. For each representative frame,
>200 cells were observed from three independent experiments.

Fluorescence microscopy
Fixed samples were permeabilized with PBS, 0.2% Triton X-100 (PBST)
for 10 min at RT, then blocked in PBST containing 3% (w/v) BSA (1 h,
RT). For single staining, blocked samples were incubated (1 h, RT) with
1:250 dilution in PBST/BSA of anti-SipC or anti-SipA IgG puri®ed from
polyclonal antisera raised in rabbits. For double staining, samples were
sequentially incubated with 1:200 dilution of anti-SipC IgG puri®ed from
polyclonal antisera raised in sheep (1 h, RT), then 1:250 dilution of rabbit
anti-SipA IgG (1 h, RT), both in PBST/BSA. AlexaFluor 488 anti-rabbit
IgG (Molecular Probes) and Texas Red-conjugated anti-sheep IgG
(Vector Laboratories) diluted in PBST/BSA at recommended concentra-
tions were used to detect SipA and/or SipC, and AlexaFluor 350 or Texas
Red-conjugated phalloidin (Molecular Probes) to visualize the actin
cytoskeleton. Coverslips were mounted on to slides using ProLong
Antifade reagent (Molecular Probes) and visualized under a ¯uorescence
microscope (Leica DM IRBE). Images were captured using a CCD digital
camera (Hamamatsu) and processed using OpenLab software and
Photoshop 5.5 (Adobe).
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